This paper describes three distinct estrogen receptor (ER) subtypes: ER␣, ER␤, and a unique type, ER␥, cloned from a teleost fish, the Atlantic croaker Micropogonias undulatus; the first identification of a third type of classical ER in vertebrate species. Phylogenetic analysis shows that ER␥ arose through gene duplication from ER␤ early in the teleost lineage and indicates that ER␥ is present in other teleosts, although it has not been recognized as such. The Atlantic croaker ER␥ shows amino acid differences in regions important for ligand binding and receptor activation that are conserved in all other ER␥s. The three ER subtypes are genetically distinct and have different distribution patterns in Atlantic croaker tissues. In addition, ER␤ and ER␥ fusion proteins can each bind estradiol-17␤ with high affinity. The presence of three functional ERs in one species expands the role of ER multiplicity in estrogen signaling systems and provides a unique opportunity to investigate the dynamics and mechanisms of ER evolution.
D
espite the diversity of estrogen target tissues and effects, the actions of estrogens were long thought to be mediated through a single ligand-activated transcription factor, estrogen receptor ␣ (ER␣). This idea was challenged by the discovery of a second form of the estrogen receptor, ER␤, in rat prostate (1) . ER␤ differs from ER␣ in its ligand binding affinities to both natural and synthetic estrogens, tissue distributions, and transactivation properties (2, 3) . ER␤ has been found in many vertebrate species (4, 5) and has provided an explanation for the seemingly contradictory actions of estrogens in certain target tissues (6) . However, some estrogenic effects cannot be attributed to either ER␣ or ER␤ (7) , which suggests vertebrates may possess additional ER subtypes. Recently, an estrogen binding protein, pER, was identified, but this binding moiety is immunochemically, structurally, and functionally distinct from classical steroid hormone receptors (8) . The current paper describes three distinct estrogen receptors identified in a single species: ER␣, ER␤, and a previously unrecognized form, ER␥. The cDNAs encoding these receptors were discovered in the Atlantic croaker Micropogonias undulatus, a well studied teleost model of vertebrate reproductive endocrinology and toxicology (9) . The tissue distributions of the three ERs, the binding characteristics of their fusion proteins, and their phylogenetic relationships to other ERs were investigated. The presence of three ERs in one species gives new insight into the evolution of ER genes and suggests that estrogenic action may be more complex than previously thought.
Materials and Methods
Animal Care and Tissue Collection. Tissues for cDNA libraries and in situ hybridization were obtained from adult female Atlantic croaker collected and maintained as described previously (10) . Gonadally regressing fish were injected intraperitoneally with estradiol-17␤ (E2) at a concentration (1 mg͞kg) that results in high physiological levels of E2 and up-regulation of ER and plasma vitellogenin levels in fishes (11) (12) (13) . At 48 h later, fish were anesthetized in a seawater:phenoxyethanol bath (1:2,000) and quickly killed by severing the spinal cord. Tissues were immediately frozen in liquid N 2 and stored at Ϫ80°C. For Northern analyses, adult, sexually mature croaker (Ϸ150 g) were captured with gill nets from the Port Aransas, TX, ship channel during the fall spawning migration, transported to the lab in a live well, and killed within 2 h. Tissues were collected as described above.
5Ј-GAAGAGGAAGAATGTGGTGC-3Ј, 5Ј-TACGACCTC-CTCCTGGAAAT-3Ј. 1.2-derived and 7.10-derived clones were joined into contiguous clones by RT-PCR of E2-stimulated female liver and ovary mRNA, respectively, and primers ER␣f, 5Ј-GGCCTACCAGTCCTCT TGT T-3Ј; ER␣r, 5Ј-A ATC-CCCTTTCACTGTTGTG-3Ј; ER␤f, 5Ј-CTGCCTGACATG-GCCTCCTCTC-3Ј; and ER␤r, 5Ј-CGCGGTGGAAATCCAT-TAAGGT-3Ј.
Phylogenetic Analysis. The entire lengths of the sequences were used for alignment with CLUSTAL X 1.5 (16) and for phylogenetic analysis with PAUP*, Version 4.0b2 (17) . Sequences were aligned by using an elision technique that avoids the arbitrary choice of a single gap-change cost by aligning at several values within a defined window (a geometric progression of 2, 4, 8, and 16) and then eliding the resulting alignments into a master data matrix (46 sequences by 2,857 characters, of which 2,180 were parsimony-informative) (18) . In phylogenetic analysis, uninformative characters were excluded, gaps were treated as missing, and a heuristic search strategy of random addition followed by tree bisection and reconnection branch swapping was repeated 1,000 times. Decay indices were calculated by using AUTODECAY (19) as above (20 repetitions) . Decay indices and tree lengths were divided by 4 to reflect the use of a 4-fold elision matrix. Bootstrap values were calculated by PAUP*, using 100 bootstrap replicates with heuristic search strategy as above times 20. Because the elision method can artificially inflate bootstrap values, the bootstrap analysis was done with one of the alignments (gap:change cost ϭ 16), for which the most parsimonious phylogeny was the same as that for the elision matrix. Phylograms were drawn with all characters included. Tree statistics were calculated with parsimony-uninformative characters excluded.
Corrected pairwise proportions of amino acid differences were calculated [K ϭ (1 Ϫ lnD), where D is the proportion of observed differences, gaps excluded] for all full-length sequences in each group paired with the closest available outgroup (mouse ER␤ for the ER␤͞ER␥ comparison; Xenopus ER␣ for the teleost͞tetrapod comparisons). Mean relative rates for each group were calculated, and departure of their ratios from unity was evaluated by using a two-tailed t test assuming unequal variances.
Amino acid evolution was reconstructed on the phylogeny by using parsimony-based algorithms in PAUP*, with the ACCTRANS setting. Amino acids that changed on the branch leading to the last common ancestor of all ER␥s and were conserved thereafter in all members of the clade were considered diagnostic synapomorphies. (Fig. 1) . After washing, Northern membranes were exposed to a phosphorimaging screen for 12-36 h and then scanned with a phosphorimager (Molecular Dynamics). Images were analyzed by proprietary IMAGEQUANT software Version 1.11. The presence of a hybridized transcript was defined as a band peak with a pixel intensity greater than two times background. To determine relative abundance, only samples on the same blot and hybridized with the same probe were compared. Triplicate blots were hybridized independently with one ER probe, then stripped and rehybridized with another to ensure that differences in mRNA transcript abundance were not caused by loading or blotting variation.
In Situ Hybridization. Brains from E2-stimulated female croaker were frozen (Ϫ80°C), embedded in OCT compound (Tissutek, Durham, NC), and cut into 20-m sections in a cryostat (Frigocut; Reichert-Jung). Consecutive sections were transferred to alternate slides to localize the ER subtypes relative to each other in the same brain area. [ 35 S]CTP-labeled antisense riboprobes were transcribed from subclones of each ER cDNA: acER␣, amino acids 177-523; acER␤ and acER␥, same as for Northern blots (Fig. 1) . In situ hybridizations were conducted as described previously (20) . Three controls were performed to confirm that the antisense riboprobe (16) . Amino acids that diagnose the clade of ER␥s (those that changed on the branch leading to this group of receptors on the phylogeny in Fig. 2 and thereafter were conserved in all known members) are red. The DBD is underlined and the LBD is bracketed. The transactivation function region, TAF-2, which is involved in ligand-dependent transactivation, is underlined (22) . Amino acids at the receptor dimerization interface are noted with ( Խ }) (23) . Positions that contact ligands in mammalian ERs are noted with an asterisk (24, 25) . The amino acids in the LBD known to be critical for E2 binding are noted with arrows (26) . Sequence notation includes alignment gaps (-) and identity with croaker ER gamma (.).
hybridized specifically to ER mRNA: hybridization with labeled sense probe only, hybridization with labeled antisense in the presence of an excess of cold antisense probe, and digestion of the tissue with RNase before adding labeled antisense probe. None of these treatments resulted in detectable riboprobe binding.
Saturation Binding Analysis. Fusion proteins were created to use in binding studies by subcloning acER␤ and acER␥ cDNAs into the pT7 Blue-2 expression vector (Novagen). To create the acER␥ fusion protein, the entire coding region of acER␥ was subcloned by using an AvrII restriction site 63 nt upstream from the start codon and a NotI site in the pBluescript SK(Ϫ) multicloning site. The acER␤ fusion protein was constructed by subcloning most of the DNA-binding domain (DBD), hinge, and ligand-binding domain (LBD) (amino acids 217-552, Fig. 1 . These constructs were translated in vitro with the TNT-Coupled Reticulocyte Lysate System (Promega) according to the manufacturer's directions, and the protein products were prepared for E2 saturation binding assays. Briefly, the products of the translation reaction were diluted (4:150) in assay buffer [20 mM Hepes, 150 mM NaCl, 10% (wt͞vol) glycerol, 1.5 mM EDTA, 6 mM monothioglycerol, 10 mM Na 2 MoO 4 , 1 mM PMSF, and 0.04 trypsin inhibitor units͞ml aprotinin, pH 7.5], and 150-l aliquots of the mixture were placed into reaction tubes. Total binding was measured by the addition of 50 l of [2, 4, 6, 
England Nuclear] dissolved in assay buffer for final reaction concentrations ranging from 0.25-6.0 nM. Nonspecific binding was measured as above in a parallel set of reaction tubes containing 200-fold excess diethylstilbestrol. All reaction mixtures were incubated for 8 h at 4°C. Bound estradiol was separated from free by filtration through a hydrophilic mixed cellulose ester membrane filter with a high protein-binding capacity and 0.22-m pore size (Millipore, no. GSWP02400), then washed immediately with 12.5 ml of buffer. Bound radioactive estradiol trapped on the filter was counted in a liquid scintillation counter. Specific binding was calculated as the difference between total and nonspecific binding. Scatchard plots (21) of specific binding were used to estimate dissociation constants (K d ).
Results
Cloning. RT-PCR of Atlantic croaker liver mRNA using nested degenerate ER primers revealed two clones from PCR round 1 [clone 1.2, amino acids 117-456 (Fig. 1, acER␣) , and clone 7.10, amino acids 217-552 (Fig. 1, acER␤) ] and one clone from PCR round 2 [clone 2.1, amino acids 204-407 (Fig. 1, acER␥) ] with Ͼ71% overall similarity to mammalian ERs. Two longer, overlapping clones corresponding to clone 1.2 [COA20, amino acids 1-376, and COO2, amino acids 156-523 and 823 nt of 3Ј untranslated region (UTR) (Fig. 1, acER␣) ] and clone 7.10 [COO3: amino acids 133-457, and COA5, amino acids 1-417 and 274 nt of 5Ј UTR) (Fig. 1, acER␤) ] were obtained from a croaker ovarian cDNA library (Stratagene). The 3Ј end corresponding to 7.10 (amino acids 553-674 and 53 nt of 3Ј UTR) was obtained by 3Ј RACE. Two full-length cDNA clones, encompassing all 1.2-derived and 7.10-derived sequences were isolated by RT-PCR from croaker liver and ovary mRNA and designated clone 1.2d and clone 7.10d, respectively. A clone that encompassed an entire ORF (COA7, amino acids 1-565, 575 nt of the 3Ј UTR, and 1,548 nt of the 5Ј UTR) was obtained from the ovarian cDNA library that corresponded to clone 2.1 and was designated clone 2.1d. Clone 1.2d was most similar to rat and human ER␣ (Ն94͞64% identity in the DBD͞LBD domains), whereas clone 7.10d was most similar to the ␤ subtype (Ն97͞66% identity). We designated these cDNAs Atlantic croaker ER␣ (acER␣) and Atlantic croaker ER␤ (acER␤), respectively. Clone 2.1d also resembled Fig. 2 . Phylogenetic analysis of ER sequences including Atlantic croaker (ac) ER cDNAs acER␣, acER␤, and acER␥. This tree shows three clades of paralogous ERs, demonstrating the existence of three distinct ER types: ER␣, ER␤, and ER␥. ER␣s and ER␤s are present in both teleosts and tetrapods, whereas ER␥s are present only in teleosts and are closely related to ER␤s. Each clade is well supported, as shown by high bootstrap values (below each branch) and Bremer supports (above each branch), which express the degree of character support for each clade as the number of extra amino acid changes in the most parsimonious tree that does not contain the clade as compared with the most parsimonious tree that does (27) . The tree was rooted by using the estrogen-related receptors (ERR) as the outgroup. Branch lengths are proportional to the number of amino acid changes on the branch. Partial sequences ( * ) may have artificially short branches. Tree length, mammalian ERs, but was more divergent than acER␣ or acER␤ (Ն91͞57% identity). We designated this cDNA Atlantic croaker ER␥ (acER␥). All three cDNA sequences possess diagnostic features of ERs, including amino acids involved in receptor transactivation (22) , dimerization (23) , and ligand binding (24) (25) (26) (Fig. 1) . acER␥ is clearly not an alternatively spliced isoform of the acER␤ gene because there are amino acid differences throughout its coding regions (Fig. 1) , and nucleotide silent substitutions are common where amino acids are identical (data not shown).
Phylogenetic Analysis. The deduced amino acid sequences of the croaker cDNAs, along with all other available ER sequences, were used to infer a phylogeny of ER subtypes (Fig. 2) . This analysis indicates there are three major groups of ERs: The acER␣ clusters with ER␣s, whereas acER␤ and acER␥ are members of two separate groups of receptors that are more closely related to each other and to previously identified ER␤s than to ER␣s. These groupings suggest that the ER␥s result from duplication of the ER␤ gene, which probably occurred after the divergence of ray-finned and lobe-finned fishes, but before the radiation of major teleost classes. ERs from three other teleost species cluster with acER␥: gilthead seabream ER␤, tilapia ER-2 (ER␤), and goldfish ER (Fig. 2) , revealing that ER␥ has been discovered in three other teleost species but has not been recognized as such.
Patterns of amino acid divergence indicate that, after duplication of the ancestral ER␤ gene, the coding sequences of ER␥s accumulated novel mutations at a greater rate than paralogous ER␤s do. The parsimony reconstruction in Fig. 2 shows there were 45% more amino acid replacements on the branch leading from this duplication to acER␥ than on the branch leading to acER␤. Further, relative-rate tests indicate that ER␥ amino acid sequences diverged an average of 15% more rapidly after the duplication event than did teleost ER␤ sequences (P Ͻ 0.01). Teleost ER␤s did not diverge significantly faster than did ER␤s in the tetrapod lineage, where no duplication has been found (P Ͼ 0.15).
Twenty-two amino acid changes and two short deletions have been conserved among all known ER␥ sequences and therefore ''diagnose'' the ER␥ clade (Fig. 1) . Several of these conserved characters are at or adjacent to amino acid positions that participate in ligand binding and receptor dimerization in mammalian ERs, or they are in regions involved in transactivation (22) (23) (24) (25) (26) . For example, the diagnostic amino acids Met 499 and Phe 396 are in positions that directly contact ligands in mammals, whereas His 495 and Val 317 are immediately adjacent to ligand-contacting regions (25, 26) (Fig. 1, acER␥) . Tyr 471 and Leu 435 are immediately adjacent to regions involved in receptor dimerization (23) , and Ile 517 is located within the liganddependent transactivation function region, TAF-2 (22) .
Northern Hybridization Analysis͞Tissue Distribution. Northern hybridization reveals that in wild, unmanipulated animals with natural levels of E2, the 3.6-kb mRNA transcript corresponding to acER␣ is abundant in the liver, less abundant in testes, and barely detectable in ovary and brain (Fig. 3A) . Interestingly, an alternate transcript less than 1 kb is the dominant form of acER␣ detected in the ovary and also is detected at low levels in muscle. The acER␤ transcript (4.8 kb) is abundant in liver and testes, less abundant in ovary, barely detectable in muscle, and less than two times background in brain by using this technique (Fig. 3B) . In contrast to acER␣ and acER␤, the 4.6-kb transcript encoding acER␥ is abundant in the ovary and undetectable in the liver. Expression in testes is also high, whereas expression in brain and muscle is low or undetectable (Fig. 3C) . The smaller, faint band detected in liver is probably crossreactivity with high levels of acER␣ mRNA.
In Situ Hybridization͞Hypothalamic Distribution. acER␣, acER␤, and acER␥ are expressed in discrete regions of the preoptic nucleus (28) of the croaker hypothalamus (Fig. 4) . In situ hybridization in E2-stimulated mature female croaker showed that acER␣ expression is distributed throughout the preoptic nucleus, whereas acER␤ expression is localized to the third ventricle wall (Fig. 4 B and C) . In contrast, acER␥ is expressed lateral to the third ventricle in the suprachiasmatic nucleus (Fig. 4D) .
Saturation Binding Analysis. The ability of acER␤ and acER␥ fusion proteins to bind radiolabeled E2 was determined by saturation-binding analyses. Saturation analyses indicated the presence of high-affinity binding with K d s of 1.38 nM and 1.16 nM, respectively (Fig. 5) . These values are similar to the affinity of ER for E2 in croaker liver and testicular tissue reported previously (10) .
Discussion
This study demonstrates the presence of three distinct and functional estrogen receptor subtypes (acER␣, acER␤, and acER␥) in a teleost fish, the Atlantic croaker. The results also show that the three ER subtypes are present in natural populations of Atlantic croaker and are differentially expressed in reproductive tissues that are known targets of estrogen action. Furthermore, acER␤ and acER␥ fusion proteins bind E2 with similar affinities as ERs in croaker tissues (10) . Phylogenetic analysis suggests that ER␥ is present in other teleosts but was erroneously named ER␤ because of lack of evidence for all three ER subtypes in any one species, and shows that ER␥ resulted from duplication of ER␤ early in the teleost lineage. The ER␥ gene may have been created in a gene-specific duplication of ER␤ or in a genome duplication event, as has been suggested based on the presence of duplicate members of other gene families in teleost genomes (29) .
Once a gene duplicates, the classical model predicts that the resulting redundancy will release one of the descendant paralogs from selective constraints. This release allows the duplicate to degenerate into a nonfunctional pseudogene while the other copy retains the original functions. In rare cases, the duplicate may take on novel functions that constrain further sequence divergence, a process called neofunctionalization (30) . Alternatively, multiple functions of the ancestral gene may be allocated between the two copies (subfunctionalization) (31) . The existence of three paralogous genes in one species allows us to evaluate these scenarios. Remarkable conservation of sequence in the DBD (91-98%) and LBD (92-99%) among all pairs of ER␥s clearly indicates that duplication of the ER␤ gene at least 150 million years ago has not resulted in the creation of a pseudogene.
The patterns of amino acid divergence indicated by relativerate tests and branch lengths in Fig. 2 are not consistent with subfunctionalization of ancestral ER␤'s biochemical functions among the duplicated ER␤ and ER␥. The subfunctionalization hypothesis predicts that after a gene duplication, both descendant genes will continue to be subject to strong negative selection, leading to slow rates of sequence change in both genes. The rapid sequence divergence at the base of the ER␥ lineage followed by a much slower rate of change within the clade of ER␥s instead suggests that one or more novel functions emerged that imposed strong selective constraints on additional sequence divergence. The 22 diagnostic amino acids identified in the ER␥s are located in regions known to be important to receptor-ligand interactions, receptor transactivation, and dimerization. Although the significance of the amino acid changes in ER␥s is currently unknown, diagnostic residues in other steroid receptors have been shown genetically and structurally to be required for the specific functions that distinguish receptors from each other (32) . Thus, altered functions, such as different affinities for specific estrogens or the capacity to interact with different transcriptional coactivators or corepressors, may impose unique selective constraints on further divergence of ER␥s. ER␣ and ER␤ are differentially distributed in the hypothalamus of rats, suggesting distinct functions for the two subtypes in the neuroendocrine control of reproductive physiology and behavior (33) . The overall pattern of ER mRNA distribution in the brain of fish parallels that of mammals (34) , but the distribution of ER␣ and ER␤ subtypes in the fish hypothalamus has not been previously determined. The present results show, through in situ hybridization, that acER␣, -␤, and -␥ mRNAs have different patterns of expression in the croaker hypothalamus. Their unique distributions within this region of the brain suggests that each ER gene product may serve distinct neuroendocrine roles. The differences in tissue distributions of acER ␣, ␤, and ␥ transcripts in estrogen target tissues suggest that they have different functions in these tissues as well. The differential expression of these receptors in tissues that are estrogenresponsive in nonteleost vertebrates (i.e., ovary, testis, and liver) supports the hypothesis that subfunctionalization has occurred by partitioning spatial domains of receptor expression among duplicated ERs. It remains possible, however, that acER␤ and acER␥ have taken on novel cell-type-specific functions within these tissues. A detailed comparison of the distribution, regulation, and functions of ER types throughout the life cycle of croaker and nonteleost taxa may suggest which of the functions of ER␥ are evolutionary novelties and which are the result of partitioning ancestral ER␤'s functions to specific cell types.
ERs are perhaps the most pervasively important and best understood ligand-activated transcription factors in vertebrates. The identification of three functional ERs in a well characterized physiological model provides a unique opportunity to investigate the partitioning of functions among ER subtypes and the dynamics by which they evolved. The existence of ER␥ in teleost fish illustrates the importance of gene duplication in the evolution of steroid hormone receptors. It is conceivable that at some point in evolution, an independent duplication of ER␣ or ER␤ has also occurred in other vertebrates to create a novel paralog analogous to the teleost ER␥. Recent studies suggest that some genomic actions of estrogen cannot be attributed to either ER␣ or ER␤. For example, E2 continues to protect against vascular injury in both ER␣ and ER␤ knockout mice, suggesting either redundant functions for ER␣ and ER␤, or the presence of a third receptor (7) . Studies with the recently developed ER␣͞ER␤ knockout mouse (35) may provide an indication of whether a third ER also exists in mammals.
Environmental estrogens have long been known to have deleterious effects in wildlife, including fish (36) . The high levels of ER␥ expression in tissues such as the testes, whose functions are particularly susceptible to interference by environmental estrogens (10, 36) , suggest ER␥ may mediate some of the endocrine disrupting effects of these compounds, including the widespread feminization of male fish in rivers receiving substantial inputs of sewage (37) .
